I. INTRODUCTION
Ferroelectric films have attracted quite a lot of attention as memories and piezoelectric devices. 1 Though they also can be used as electro-optical devices in nonlinear optic applications 2 or in electro-optic modulators, 3, 4 there are relatively few reports of such applications. Bulk ceramics are already used, but films are more advantageous as waveguide electro-optic modulators require relatively low drive power in comparison to bulk modulators. Moreover, thin films are more readily integrated in existing semiconductor technologies than bulk hybrid technologies. Ferroelectric films for waveguide-modulator applications should have low optical loss and low roughness for waveguiding and a high electrooptic coefficient for the refractive-index modulation. Though epitaxial films can fulfill these criteria, their growth is difficult and only small crystals are available as substrates. The long-term goal in this area is the production of high-quality epitaxial films on large diameter silicon-based substrates, since such films would offer a large surface for growth and device development. Recently, GaAs has been grown on Si using an intermediate thin film of SrTiO 3 ͑STO͒.
5 Such silicon-supported STO and MgO 6 films may be used in the future as substrates for oxide ferroelectric films.
PbZr x Ti 1Ϫx O 3 ͑PZT͒ is a family of oxide ferroelectrics under active consideration for optical applications as their properties are strongly dependent on x, where x(0рxр1) is the zirconium fraction (xϭ͓Zr͔/(͓Zr͔ϩ͓Ti͔). Near the tetragonal/rhombohedral phase transition for x around 0.53, anomalously high dielectric constants have been measured and high electro-optic coefficients are expected. Detailed optical studies are available on Pb 1Ϫy La y Zr x Ti 1Ϫx O 3 ͑PLZT͒ ceramics, 3, 7 but optical and dispersion data for thin films as a function of the x ratio are scarce. Three articles were found on PLZT ceramics and sol-gel films [8] [9] [10] and two on metalorganic chemical vapor deposition ͑MOCVD͒ PZT films. 11, 12 In this article, we report on the optical properties of PZT films grown by MOCVD on STO. The PZT film composition studied spanned the full composition range from PT (xϭ0) to PZ (xϭ1). Thin films of thicknesses 50-100 nm and thick films of thicknesses 700-1400 nm were grown by MOCVD. Wavelength-dependent ellipsometry and reflectivity measurements were carried out to investigate the optical properties of the films in the transparent region below the band gap, from 3.72 eV ͑333 nm͒ in the near ultraviolet to 1.55 eV ͑800 nm͒ in the red. Cauchy extrapolation was used to estimate the refractive index down to 0.62 eV ͑2000 nm͒ in the infrared. A Wemple-DiDomenico single-oscillator dispersion analysis was carried out to quantitatively characterize the observed refractive-index behavior. Finally, light could be coupled in two PZT (xϭ0.6) films by prism coupling confirming their high degree of optical quality.
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II. EXPERIMENT

A. Epitaxial PZT films
The PZT thin films were grown by MOCVD at 700°C in a cold-wall horizontal-flow reactor equipped with a rotating susceptor and heated by infrared lamps. Tetraethyllead (Pb(C 2 H 5 ) 4 ), zirconium tetra-t-butoxide Zr(OC(CH 3 ) 3 ) 4 , and titanium tetra-t-butoxide Ti(OC(CH 3 ) 3 ) 4 were used as precursors, oxygen as the oxidizing agent, and nitrogen as the carrier gas. The films were examined as a function of the Zr/(ZrϩTi) ratio in the gas phase by varying the Zr flow with respect to the Ti flow keeping the total species quantity constant. STO substrates, 0.5 mm thick, ͑001͒ crystals oriented within Ϯ0.5°were used. For the thin films the substrate surface dimensions were 20 mm diameter and 1 by 1 cm for the thick films. The substrates were cleaned successively in acetone, isopropanol, and demineralized water prior to growth.
The structure of the films was investigated by x-ray diffraction using a Bruker D8 Discovery x-ray diffractometer with a Cu target (ϭ1.54060 Å) and a four-bounce monochromator Ge ͑022͒. This instrument was also used to carry out x-ray reflectivity measurements on the PZT films. This allows a determination of the film thickness up to 200-300 nm. The thicknesses of all the films were estimated by weighting the substrate prior to and after growth and confirmed by ellipsometry for all films and by transmission electron microscope ͑TEM͒ cross sections for the thick films. The surface morphology of the films was investigated with a Digital Instruments atomic force microscope ͑AFM͒ Dimension 3100 in contact mode. The composition of the samples was analyzed by x-ray fluorescence ͑XRF͒ and by energy dispersive spectroscopy ͑EDS͒ in the TEM. In Table I , the composition, thickness, and surface roughness of the PZT films grown by MOCVD on STO substrates are shown. The as-grown surface quality varies as a function of composition due to differences in growth mechanisms depending on the Zr content in the films. The thin PT films have a higher roughness as they have a more island-type growth, confirmed by the 50 nm PT layer not yet continuous. On the other hand, the thick PT films also have a rms of ϳ4 nm but this is caused by the presence of a-and c-domain structures, rather than by a discontinuous layer. Zr-containing thin films are smoother than the PT films and continuous. However the thick PZ film surface is very rough as the layer is terminated by ϳ250 nm high PZ pyramids. 13 The PZ film roughness could be decreased by a factor of 2.5 by dry etching. The roughness of the thick PZT films ͑xϭ0.4, 0.6͒ is well within the waveguide device requirements ͑see Table I͒ , and PZT(xϭ0.6) ͑rhombohedral phase͒ films were used for prism-coupling experiments. Further details on growth and structure of the films will be published later.
B. Ellipsometry
Ellipsometry measurements were performed with a Gaertner L117C ellipsometer using a HeNe laser at 633 nm. The measurements of the ellipsometric angles ⌬ and ⌿ were carried out at room temperature ͑RT͒ at 70°angle of incidence. A home-built system similar to a rotating analyzer ellipsometer was used for the wavelength-dependent ellipsometry measurements. Typical resolution for an ellipsometry measurement with an ideal specular reflecting and homogenous sample are ⌿Ϯ0.005°and ⌬Ϯ0.05°. Ellipsometry was used to measure the refractive index of the films and then estimate the composition ͑x͒ of the PZT from the refractive index.
On the basis of published values of the refractive index versus PZT composition 8, 11 as well as on the basis of our own measurements presented in this study, we calculated ͑⌬, ⌿͒ contours for a number of PZT compositions on STO substrates using a linear extrapolation between the refractive index and the x ratio with n PT ϭ(2.66,0.0) and n PZ ϭ(2.46,0.0) at ϭ633 nm. Such contours are shown in Fig.  1 as a function of thickness for several PZT compositions. For the compositions shown in Fig. 1͑a͒ , the curves are ''degenerate'' as the path is the same for different thicknesses. If an interface layer or a top-surface roughness is introduced, the curves become ''nondegenerate'' as the ͑⌬, ⌿͒ contours can split or shift considerably and become different for different thicknesses. This is shown in Fig. 1͑b͒ using the same interface and surface layers for the three different compositions with n interface ϭ(2.45,0.0) and n surface ϭ(1.80,0.0) representing respectively, approximately 50% STO-50% PZT (x ϭ0.5) and 50% PZT (xϭ0.5) -50% air, using n STO ϭ(2.39,0.0) at ϭ633 nm as given in Ref. 14. The nondegeneracy introduces extra difficulty in determining the exact refractive index of the layer, especially for the compositions shown in Fig. 1͑b͒ where the curves are very close to each other. One measurement is often not enough to obtain unambiguous information.
In our work, we have made use of the fact that the growth conditions across the 4 in. diam susceptor during a MOCVD growth run are not radially homogeneous. By growing PZT layers simultaneously on a number of substrates placed on the susceptor in the same growth run, we were able to measure the PZT films of different thickness and composition. A ͑interface roughness/film/top roughness͒ model was used to fit the ellipsometry data using the same values for the refractive indices of the interface and top roughness layers as described above for Fig. 1 . The thicknesses obtained from the three-layer model were systematically verified. The rms top-surface roughness of the layer was measured for all layers by AFM ͑Table I͒. The rms topsurface roughness, measured by AFM, coincides well with the top-surface roughnesses from the ellipsometry model, corresponding more to a peak-to-peak value. The thicknesses of the films were confirmed by other means as mentioned earlier ͑e.g., by x-ray reflectivity for the thin layers 15 and by optical reflectivity for the thick films͒. We determined the real part of the refractive index n with an error of Ϯ0.01. The absorption coefficient k was assumed to be zero. In all calculations the film anisotropy was neglected. Earlier studies reported the birefringence of PT films grown on MgO (5 Ϯ3ϫ10 Ϫ3 ) and of PT crystals (Ϸ9ϫ10 Ϫ3 ).
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C. Reflectivity
The refractive index dispersion of the thicker films was determined by optical reflectivity ͑using a xenon lamp at 150 W͒ with s-polarized light on the wavelength dependent ellipsometer described in the previous section. The resolution is estimated to be ⌬Ϸ1 nm. The thick films were more easily measured by reflectivity than ellipsometry due to the smaller sensitivity to surface roughness for reflectivity. The reflectivity was measured as a function of wavelength from 300 to 800 nm. The obtained interference fringes were indexed by plotting N ͑fringe number͒ as a function of 1/ through the origin and calibrating the refractive index at 633 nm using the ellipsometry measurement on the Gaertner. The dispersion of the refractive index could then be extracted. The band gap E g of STO is about 3.2 eV 14 and is lower than that of PZT ceramics, 8 therefore direct band gap determination of our PZT films by transmission measurements was not possible and the reflectivity measurements, on the thick films, were performed to measure the band gap of the films ͑Fig. 2, zone 1͒. We estimated the band gap as the photon energy at which, with increasing photon energy, the interference fringes abruptly disappeared ͑showing that the film was no longer transparent͒. For a film with a thickness of 700 nm, this occurs at an absorption coefficient of about 30 000 cm
Ϫ1
. At this high level of optical absorption, impurities are unlikely to have an appreciable influence, so that this procedure for estimating the band gap is reasonable.
III. RESULTS AND DISCUSSION
A. Refractive index
Refractive indices for specific PZT compositions are available from the literature ͑Table II͒. The values in Table II are from films prepared by different techniques and from bulk ceramics, and some reports indicate a different refractive index for thin films than for ceramics. 9,16 -18 Optical characterization can be used as a quality check for PZT films. In Ref. 9, the linear variation of the refractive index, from PT to PZ, was used to determine the packing densities of the films. The lower refractive index ͓roughly 5% lower than for ceramics 8 or MOCVD films ͑our data͔͒ is due to a 95% packing density of the sol-gel films. Similar results were found for sol-gel PLT films. 10 In Ref. 19 , the increase of the refractive index with increasing annealing time was monitored for sol-gel films. The differences in the refractive index values ͑for samples with the same composition͒ result from variations in the details of the film structure ͑phase, interface, inhomogeneity, domains, microstructure, top roughness͒ and how these parameters were taken into account in the data analysis. Figure 2 presents our results for the dispersion of the refractive index of PZT. There are three different zones in the dispersion curves of the refractive index. Zone 1 shows the refractive index of the thick films as measured by reflectivity on thick films ͑filled symbols͒. Zone 2 is the refractive index as measured by ellipsometry on thin films at wavelengths of 500, 600, 700, and 800 nm ͑open symbols͒. The values of the refractive index are in very good agreement at 633 nm with reported values. 8, 11, 12, 20 The zone-2 data were fitted by a Cauchy fit of the form
A fit in 1/ 2 was found to be sufficient to extrapolate the data ͑zone 3͒ up to 2000 nm. The fit coefficients n 0 and a, shown in Table III for the different compositions, are listed indicatively as they do not represent any physical quantities as the parameters of the other fit used below.
As mentioned in Sec. I, few references reporting the refractive-index variation as a function of composition were found in the literature. An early article on PLZT ceramics 8 showed that the refractive index decreases linearly from PT (nϭ2.66) to PZ (nϭ2.46) at ϭ633 nm. Similar results were later found for MOCVD PZT films. 11 The measurements are in agreement at 633 nm for MOCVD films and ceramics but the reference on MOCVD films does not contain dispersion data. In Ref. 8 , it is also shown that the La content has little influence on the refractive index, which is determined mainly by x. Initially the linear extrapolation of the refractive index as a function of x was used to determine the composition of our PZT films. 15 The composition determination by ellipsometry was possible using the determination of the real part of the refractive index n, with Ϯ0.01 error, leading to Ϯ0.1 error in the x ratio. The composition estimation by ellipsometry is in good agreement with chemical analysis by XRF and EDS ͑TEM͒. The four compositions of PZT in zone 2 also indicate a linear decrease of n from PT ͑2.66͒ to PZ ͑2.46͒ at 633 nm for our films. It is only measured for four PZT compositions and large variation might be expected around the morphotropic phase boundary due to the eventual presence of two phases in the film, or possibly even three. 21 The linear variation of the refractive index from PT to PZ is preserved up to 2000 nm according to the Cauchy extrapolation. The linear relation ͑n to x͒ preservation is important for electro-optics devices, which function at 1500 nm.
B. Band gap "E g … and dispersion energy "E d …
In Fig. 2 ͑zone 1͒, all the n(E) curves converge near the absorption edge at 3.6Ϯ0.1 eV (340Ϯ10 nm), which compares well with the convergence observed near 350 nm for the ceramics 8 ͑Table IV͒. Good agreement had also been found between ceramics and PZT films on sapphire 20 over the wavelength range from 400 to 750 nm. In Ref. 12, a good match between MOCVD films and single crystals was reported for PT from ϭ450 to 635 nm. In Fig. 2 , the reflectivity and the ellipsometry results are consistent in the overlap region. For clarity, only the reflectivity results for PT, PZT(xϭ0.4), and PZ are shown.
While the refractive index varies systematically as a function of x, no absorption-edge variation was found as a function of composition. In Table V , reported band gap values for PZT are listed. Our estimation of the gap is in reasonable agreement with previous ceramics estimates 8 and differ from film estimates. 9, 16, 22 The insensitivity of band gap to composition is consistent with results in Ref. 8 In addition to the Cauchy extrapolation described above, which was done to provide reasonable values for n in the infrared region, we have also carried out a WempleDiDomenico single-oscillator dispersion analysis using all of the experimental data of Fig. 2 . Both Cauchy and WempleDiDomenico fits provide useful parametrizations of the experimental results. But the Wemple-DiDomenico fit additionally provides physically significant quantities, which characterize the strong interband-transition absorption band in the ultraviolet that causes the refractive-index dispersion in the visible. The widely used Wemple-DiDomenico dispersion relation 23 for n(E), the refractive index at photon energy E is
where E 0 is the energy of the effective dispersion oscillator, which is expected to correspond to the photon-energy position of the center of gravity of the ultraviolet band. E d , called the dispersion energy, is a measure of the average strength of the interband optical transitions. WempleDiDomenico fits to the experimental data of Fig. 2 yield the estimates shown in Table VI. This table also includes, for discussion, the refractive index value at 1.55 eV ͑800 nm͒ in the transparent region. The usual situation in insulators and semiconductors is to find an inverse correlation between the refractive index and the characteristic interband energy E 0 . In semiconductors, this correlation works very well, and even extends to an analogous correlation with the band gap energy 24 because the band gap in semiconductors is closely correlated with E 0 . But in PZT, we find the surprising result that the transparentregion refractive index is not inversely correlated with E 0 , which decreases slightly from PT to PZ. Instead, the behavior is dominated by the very strong composition dependence of the absorption-strength parameter E d . We therefore conclude that the larger refractive index in PT arises primarily from stronger interband transitions in this material, rather than from a significant difference in interband energies between PT and PZ. This conclusion is also consistent with the finding that there is little difference between the band gaps of PT and PZ.
A 30% decrease in E d from PT to PZ is found. If an error of Ϯ1.5 eV ͑which is reasonable considering the data͒ is taken for E d , there is a nearly linear decrease in E d as a function of decreasing x. The relationship E d to x is very similar to the one for the refractive index ͑n͒ to x in the transparent regime, as shown in Fig. 3 . Table VII shows reported values of the Wemple-DiDomenico E d and E 0 for PLZT ceramics. 8 The E 0 and E d values of ceramic PT correspond fairly well with the results for our MOCVD PT film, but the E d decrease as a function of x is small for PLZT ceramics ͑6%͒ and cannot be convincingly interpreted as a trend due to the error in these measurements. The unclear modification of E d for PLZT as a function of the x ratio might be due to an effect of the La dopant or to the correction for surface roughness in the measurements. Similar conclusions can be drawn for PLT sol-gel films, 10 which showed no consistent variation for E d and/or E 0 as a function of La content. However, our results for MOCVD PZT films clearly show ͑Fig. 3͒ a definite decrease in E d with increasing Zr content. Wemple and DiDomenico 23 noted that E d was roughly constant ͑around 23 eV͒ for most oxides and oxygen-octahedra ferroelectrics, although the trend could not apply to lead-based ferroelectrics as lead does not have a d band, which was used for their classification. 25 Recent calculations by Robertson 26 indicate that states derived from the Pb 2ϩ ions enter differently into the conduction bands of PT and PZ, which might account for the smaller interband transition in PZ.
C. Waveguide experiments
Light was coupled into rhombohedral PZT layers by 633 nm prism coupling using a rutile prism. Two transverse electric ͑TE͒ modes, TE 0 and TE 1 , were found to be excitable in a 700 nm thick PZT (xϭ0.6Ϯ0.1) layer. From the incoupling angles, assuming a homogeneous PZT-core layer and inserting n prism ϭn c ϭ2.872 and n substrate ϭn STO ϭ2.389 and a refractive index n layer ϭ2.505, a layer thickness d layer ϭ705 Ϯ5 nm could be calculated. This corresponds well with n layer ϭ2.50Ϯ0.01 and d layer ϭ700Ϯ10 nm determined by ellipsometry. It should be noted that, because of the relatively low modal field at the outside regions of the PZT-core layer, the coupling angles are very insensitive to the potential presence of a thin interface layer or somewhat lower refractive index and the 1 nm rms surface roughness.
Because both measurement methods are applying completely different field distribution inside the PZT layer, this good correspondence indicates good thickness homogeneity of the PZT core layer. TM light could not be coupled into the films by prism coupling, although the TM 0 and TM 1 modes are accessible using a TiO 2 prism. Similar difficulties were reported for MOCVD PZT films on STO. 11, 12 We ascribe this to an insufficient coupling strength as a result of surface roughness, although the rms roughness is only 1 nm for these films. The small dimensions of the substrate ͑1 by 1 cm͒ did not allow for quantitative loss measurements of the TE modes. By visual inspection ͑microscope͒, strong bulk scattering could be observed in the PZT layer outside the propagating beam area.
IV. CONCLUSIONS
Optical characterization was carried out on PZT films grown by MOCVD on STO, structures of interest for future optical-modulator applications. The top roughness of the PZT films was within the requirements for waveguiding, and two TE modes were coupled in a 700 nm film. For applications, poling of the films might decrease the bulk scattering, which appeared high by visual inspection. The refractiveindex dispersion was measured from 1.55 eV ͑800 nm͒ to 3.72 eV ͑333 nm͒ by ellipsometry and reflectivity, as a function of composition. A Cauchy extrapolation was used to estimate the refractive index down to 0.62 eV ͑2000 nm͒. It indicates that the refractive index is close to linear in x, not only at 633 nm, as shown in previous reports, but also up to 2000 nm. The refractive-index determination is thus a convenient measure of composition. The absorption edge is insensitive to composition, and is located at 3.6Ϯ0.1 eV (340 Ϯ10 nm). This is in good agreement with earlier results on ceramics. The interband absorption-strength parameter E d , extracted from a Wemple-DiDomenico fit to the refractiveindex dispersion n(E), decreases nearly linearly from PT to PZ. It is the composition dependence of E d , rather than that of the average interband gap E 0 , which is the dominant factor in the composition dependence of n(E). This is an unusual behavior compared to semiconductors and to other oxides. The smaller infrared refractive index of PZ arises from the smaller E d for this material.
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